ABSTRACT: Accurate identification of stock boundaries is essential for efficient fisheries management; hence, the present study focused on the genetic structure of whiting. To this aim, 488 individuals collected from the southern Bay of Biscay to the southern Norwegian coast were genotyped using 7 microsatellites. A low level of genetic structuring was detected in Atlantic waters; only the Bay of Biscay differentiated from more northern samples. The lack of genetic structure along the western margin of the British Isles is consistent with a high level of passive transport of pelagic eggs and larvae due to the combined influence of the North Atlantic Current and the Shelf Edge Current. High levels of dispersal could also occur between the western British Isles and the North Sea through both the branching of the North Atlantic Current into the northern North Sea and the residual current flowing from the English Channel to the Southern Bight. In contrast, a significant genetic structure was identified within the North Sea, and this may be associated with the complex oceanography of this basin and retention systems reducing larval dispersal. In addition, considering also genetic, phenotypic and tag-recapture data collected on whiting, a learned homing behaviour of adults toward spawning areas may be hypothesised.
INTRODUCTION
As the marine environment is generally highly dispersive, marine species are often supposed to be poorly structured. In addition to a potentially extensive gene flow, other features of marine fish, such as large population sizes and a recent origin of populations since the Last Glacial Maximum (~15 000 yr ago), tend towards generally low levels of genetic structuring. In this context, the choice of appropriate genetic markers is a crucial step in determining the patterns of population differentiation. Among the markers used over the last decade, microsatellites have been among the most promising tools to investigate population genetics in weakly structured species, such as marine fish. The numerous studies conducted on cod Gadus morhua are good illustrations of the higher efficiency of these hypervariable loci in identifying population units in marine fish (Ruzzante et al. 2000 , Hutchinson et al. 2001 compared to other markers such as allozymes (Child 1988 , Pogson et al. 1995 or mitochondrial DNA (Carr et al. 1995) .
In the present study, microsatellites were chosen to investigate the genetic structure of whiting Merlangius merlangus in the northeast Atlantic and adjacent waters. This gadoid fish is encountered from Portugal to Iceland and northern Norway and is represented by the sub-species M. merlangius euxinus in the northeast Mediterranean and Black Sea (Quéro & Vayne 1997) . Whiting is highly targeted by fishermen in northern European fisheries, and the stock's health seems either uncertain or outside safe biological limits (ICES 2004) . Thus, further research would help to improve management of this species in particular by more accurate identification of stock boundaries through increased knowledge of population structure.
Whiting displays a longer pelagic life than other gadoids: after a larval pelagic phase common to all Gadidae, young individuals >12 mm long live in commensalism with jellyfishes (Cyanea sp. or Chrysaora sp.) and finally move to the seabed when they reach a length of 5 to 10 cm to assume a demersal life (Quéro & Vayne 1997) . As a consequence, whiting is characterised by a wide dispersion potential for the young stages from spawning areas. Moreover, the spawning period of females extends over 10 wk at least (Quéro & Vayne 1997) , thus providing a high potential for gene flow between spawning units with possible migrations of mature females between distinct spawning grounds during their long period of sexual maturity. All these biological traits may potentially prevent genetic differentiation of whiting populations by ensuring considerable gene flow over large areas.
However, substantial population structure has been suggested around the British Isles from the results of several approaches, including meristic trait analysis (Gamble 1959) , parasitic infestation studies (Kabata 1967 , Hislop & MacKenzie 1976 , Pilcher et al. 1989 ), tag-recapture data (Williams & Prime 1966 , Hislop & MacKenzie 1976 and genetic surveys (Child 1988 , Galvin et al. 1995 , Rico et al. 1997 ). In particular, these studies have together underlined some population structure within the North Sea, and have led to the hypothesis that the Dogger Bank may represent a regional boundary between northern and southern populations in this area (Kabata 1967 , Hislop & MacKenzie 1976 , Pilcher et al. 1989 , Rico et al. 1997 . Nevertheless, contrary to the other approaches, genetic investigations have not yet led to a conclusive view of population structure in whiting.
The present study focused on the genetic structure of whiting from the southern Bay of Biscay to the Norwegian coast, based on microsatellite data. Our aims were (1) to provide additional genetic data concerning population structure of whiting in European waters and notably to confirm the structure previously observed in the North Sea from other methods; (2) to identify factors, either hydrodynamical or biological/ ecological, related to the contemporary genetic structure of whiting.
MATERIALS AND METHODS

Sampling.
A total of 488 individuals of Merlangius merlangus were sampled from 10 locations (between 45 and 57 ind. per site) (Table 1, Fig. 1 ). In order to reduce the potential risk of sampling mixed population units, we targeted only mature adults (total length > 25 cm) during the spawning period (between February and April), when fish are gathered near or on the spawning grounds, with the exception of the Dingle sample (southwest Ireland), which was composed of juveniles (14 to 20 cm in length). Fin samples were collected immediately after landing or directly on board and were stored in 95% ethanol.
Microsatellite amplification and screening. DNA samples were extracted using a classical phenolchloroform method. DNA was resuspended in a volume of 100 to 250 µl of TE 10× buffer and stored at -20°C.
First, 37 microsatellite loci isolated from other species were tested on whiting: 20 of Theragra chalcogramma (O'Reilly et al. 2000) , 4 of Micromesistius poutassou ), 4 of Melanogrammus aeglefinus (Lage & Kornfield 1999) , 4 of Gadus morhua (Brooker et al. 1994 ) and 5 of Pollachius pollachius (Charrier et al. unpubl. data) . These loci were selected because of the positive results obtained during cross-species amplifications (Brooker et al. 1994 , O'Reilly et al. 2000 , Ryan et al. 2005 . Loci amplifications via the polymerase chain reaction (PCR) were performed on 5 individuals in 10 µl volumes containing 1 µl of DNA, 1× reaction buffer (Uptima), 0.074 mM dNTPs mix, 0.2 µM primers F and R, 0.25 U Taq Uptitherm DNA polymerase (Uptima) and between 1.5 and 2.5 mM MgCl 2 , depending upon the locus tested. PCR amplifications were performed in a Geneamp PCR System 9700 (Perkin Elmer). In order to increase the stringency of microsatellite amplification, a touchdown procedure, adapted from O'Reilly et al. (2000) , was incorporated in the thermal cycling regime of (94°C for 3 min, Tm + 4°C for 2 min, 72°C for 1 min) × 1; (94°C for 30 s, Tm + 3°C for 30 s [-1°C per cycle], 72°C for 1 min) × 13; and (94°C for 30 s, Tm -9°C for 30 s, 72°C for 1 min) × 26; (72°C for 5 min) × 1. PCR products were analysed on 1.5% agarose gel stained with ethidium bromide. Electrophoresis was performed at 130 V for approximately 30 min in 0.5% TBE buffer and then visualised with UV light. Only loci with clearly defined bands were retained for the subsequent step, which consisted in testing the range of polymorphism of each locus. Between 5 and 10 individuals were tested for each of the selected loci. PCR amplifications were carried out following the protocol mentioned above, except for the addition of 0.05 µM forward primer end-labelled with IRDye 800 (Li-Cor) and 0.4 µM reverse primer. The amplification profile included a touchdown procedure, as described above, and was composed of a total of 20 to 30 cycles according to the individual locus. Loading buffer (5 µl) was added to the PCR products and 1 µl was loaded on 8% denaturing polyacrylamide gels of 25 cm with 1% TBE buffer. Gels were run on an automated sequencer IR2 (Li-Cor) using Eseq software (Li-Cor) during 1 to 3 h at 1500 V and 50°C. Gels were then analysed with Gene Profiler (Scan Analytics).
Finally, 7 polymorphic loci were retained for this study: 3 of Theragra chalcogramma (Tch8, Tch10 and Tch20) (O'Reilly et al. 2000) , 1 of Micromesistius poutassou (MpouBW13) ), 1 of Gadus morhua (Gmo02) (Brooker et al. 1994 ) and 2 of Pollachius pollachius (Pop14c & Pop18a; Table 2 ) (Charrier et al. unpubl. data) . For each locus, between 10 and 30% of the individuals were genotyped 2 to 3 times to limit allele scoring errors.
Data analysis. Allelic diversity and observed and unbiased expected heterozygosities were computed for each location with POP100GENE v.1.1.02 (Piry & Bouget 1999) . Departure from Hardy-Weinberg equilibrium (heterozygote deficiency or excess) was calculated for each locus and each location with GENEPOP v.3.4 (Raymond & Rousset 1995) according to Weir & Cockerham's ƒ and was tested using the Markov chain method (10 000 dememorisation steps, 1000 batches, 5000 iterations) to obtain unbiased estimates of the exact p-value. Linkage disequilibrium was tested using the Markov chain method (10 000 dememorisation steps, 1000 batches, 5000 iterations) and Fisher's exact test.
The genetic differentiation was assessed using F ST and exact tests of population differentiation (Raymond & Rousset 1995) . Global and pairwise F ST were estimated using Weir & Cockerham's θ with GENETIX v.4.05 (Belkhir et al. 2004 ). The significance of θ was tested using 10 000 permutations. Global and pairwise exact tests of genic differentiation were calculated using GENEPOP v.3.4. Allelic frequencies were compared using a Markov chain method (10 000 dememorisation steps, 1000 batches, 5000 iterations) and Fisher's exact test under the null hypothesis (allelic distribution is identical among samples). This approach differs from F ST estimation in the fact that exact tests of genetic differentiation are not based on any mutational model and give more weight to rare alleles than Wright's F ST . Sequential Bonferroni correction (Rice 1989) for multiple comparisons was applied for each set of independent tests performed simultaneously. In addition, a principal component analysis (PCA) of genetic data was performed with PCA-GEN v.1.2 (Goudet 1999) to examine the relationships among populations. The vectorial representation of the PCA was then obtained using STATISTICA v.6.1 (Statsoft). By synthesising the genetic data with minimum loss of information, such a factorial method allows a graphical visualisation of the relationships between samples in a more comprehensive way than pairwise comparison matrices.
Finally, correlation between pairwise geographical distances and pairwise linearised F ST (F ST /(1-F ST )) was tested using Mantel test as implemented in GENETIX v.4.05 (10 000 permutations). This analysis allowed investigation of the hypothesis of isolation by distance among populations in European waters. Distances were measured as the minimum geographical distances on the continental shelf (0 to 200 m depth) between sampling locations. It is however recognised that adjacency between populations may be more 
RESULTS
Genetic diversity and heterozygote deficiencies
The level of variability of the microsatellites of whiting Merlangius merlangus surveyed in the present study appeared relatively heterogeneous, with the total number of alleles varying between 11 (Mpou-BW13) and 63 (Tch8) and mean observed heterozygosity between 0.610 (Pop18a) and 0.914 (Tch8) ( Table 3) . For each locus, the genetic diversity observed within samples was of the same magnitude over the whole data set.
Of the 7 microsatellites screened, 4 (Gmo02, Pop14c, Tch8 and Tch10) exhibited substantial departures from Hardy-Weinberg equilibrium (Table 3 ). In particular, strong and significant heterozygote deficiencies were observed (even after sequential Bonferroni correction) for Gmo02 and Tch10 in the majority of the samples (except Au for Tch10).
Genetic structure
Weir & Cockerham's θ (θ = 0.0013) showed weak global multi-locus genetic differentiation over the entire data set, while the global multi-locus exact test of genic differentiation found a highly significant genetic structure (p = 0.0001) ( Table 4) . Among the 7 loci considered individually, only Pop18a displayed a significant global θ-value (θ = 0.0052, p < 0.05). In addition, Gmo02 (p = 0.0058), MpouBW13 (p = 0.0278) and Tch8 (p = 0.0116) showed significant exact tests of global genic differentiation. Finally, only the exact test calculated for Gmo02 remained significant when a sequential Bonferroni correction was performed.
Pairwise Weir & Cockerham's θ underlined some significant genetic structure between the Bay of Biscay (Cb & Au) and some samples stemming from the North Sea (Fh & Db) (Table 5 ). Likewise, pairwise exact tests of genic differentiation clearly showed a significant differentiation of the southern Bay of Biscay sample (Cb) from all other samples, with the exception of Au, stemming from the northern Bay of Biscay (Table 5 ). Au appeared significantly distinct from 2 samples from the North Sea (Sb & Db).
Limited genetic structure was detected between western and eastern waters around the British Isles, (Altman 1991) . As a consequence, results that were non-significant after Bonferroni correction were not rejected, but only considered cautiously, as suggested by Hutchinson et al. (2001) .
The PCA revealed some genetic structure among samples, congruently with θ-values and exact tests of genetic differentiation (Fig. 2) . The 3 first axes of the PCA explained 25.17, 16.46 and 11.79% of the total variance, respectively, representing a large proportion of the genetic variance over the entire data set. The PCA allowed discrimination of samples from the Bay of Biscay (Cb & Au) compared with the others around the British Isles. Furthermore, samples west of the British Isles appeared relatively close to each other (Cs, Ir, Di and, to a lower extent, Wh), while those stemming from the North Sea showed some evidence of genetic heterogeneity (Sb, Fh, Db & Sk) .
Finally, the Mantel test highlighted a lack of correlation between geographical distances and linearised θ (Z = 193.42, ns), suggesting a lack of isolation by distance in whiting throughout European waters.
DISCUSSION
Heterozygote deficiencies: a common problem in microsatellites
Among the 7 loci genotyped in whiting Merlangius merlangus during this study, Gmo02 and Tch10 displayed highly significant heterozygote deficiencies, and, at a lower level, Pop14c and Tch8 showed substantial deficiencies. Such departures are commonly observed in microsatellite surveys and appeared to be particularly prominent in the previous study conducted on whiting (Rico et al. 1997) . Several hypotheses may explain these heterozygote deficiencies, including: (1) selection, (2) inbreeding, (3) Wahlund effect (e.g. a mixture of individuals from differentiated populations in the same sample), (4) homoplasy, or (5) technical artefacts such as null or mis-scoring alleles.
(1) Microsatellites are considered to be selectively neutral (Estoup et al. 1998) , and thus, selection appears to be an unlikely explanation. However, selection processes operating on particular loci may be reflected on closely linked microsatellites through hitch-hiking phenomenon, thus inducing departures from HardyWeinberg expectations. (2) Inbreeding depression appears unrealistic in whiting, since marine species are commonly characterised by large population sizes. (3) A Wahlund effect seems inappropriate to explain heterozygote deficiencies in the present data set, since these deviations are more linked to particular loci rather than to particular samples. This hypothesis is reinforced by the fact that both loci displaying the highest global θ-values (MpouBW13 & Pop18a) did not show any significant departures from Hardy-Weinberg equilibrium. In addition, the mixture in the same sample of individuals stemming from highly differentiated population units seems improbable regarding the low pairwise θ-values observed in this study, particularly for samples west of mainland UK that did not appear genetically differentiated; eventually, the occurrence in the same sample of individuals stemming from genetically differentiated populations could be more probable for samples collected within the North Sea, where significant genetic structure was observed.
(4) Homoplasy may be a more likely hypothesis, especially for the most variable loci, Tch8 and Gmo02. When microsatellites are submitted to particularly high mutation rates, alleles of the same size may not be identical by descent and would thus induce heterozygote deficiencies. (5) Finally, the presence of null alleles or allele scoring errors may be highly probable at microsatellite loci (see Rico et al. 1997) . Null alleles are often observed due to non-amplifications induced by mutation(s) in at least one of the priming sites, and such PCR artefacts seem particularly probable when non-species-specific loci are used, as in the present study. Moreover, allele mis-scoring due to shadow or stutter bands constitutes a common problem in microsatellite surveys, stutter bands probably being due to slipped strand mispairing during PCR (see references in Rico et al. 1997 ).
To conclude, although a Wahlund effect cannot be completely rejected as an explanation for the heterozygote deficiencies in the North Sea samples, technical artefacts such as null alleles appear more probable for the majority of the deficiencies observed in the data set, given the use of non-species-specific primers. Furthermore, homoplasy is also a possibility in the most variable loci, Gmo02 and Tch8.
Weak population structure in Atlantic waters
The low level of genetic differentiation underlined between whiting samples in the northeast Atlantic and adjacent waters is of the same magnitude as previously observed in gadid fish in the same geographical area, such as cod Gadus morhua (Hutchinson et al. 2001) , hake Merluccius merluccius (Lundy et al. 1999 ) and blue whiting Micromesistius poutassou (Ryan et al. 2005) . The weak genetic structure generally displayed by marine organisms may be explained mainly by the considerable gene flow in the highly dispersive marine environment and the characteristically large population sizes. This high potential for gene flow is well illustrated in the present study by the lack of differentiation to the west of the UK mainland: the genetic homogeneity found from the Celtic Sea to the western Hebrides may result, at least in part, from the widespread dispersal of the young pelagic stages through passive drift with the current systems. For example, passive dispersal may be ensured from Porcupine Bank to northern Scotland by the general north-northeasterly drift of the North Atlantic Current and possible advection by the Shelf Edge Current (Pingree & Le Cann 1989) , as demonstrated for blue whiting and mackerel Scomber scombrus (Bartsch & Coombs 1997 .
Furthermore, samples to the west of the British Isles did not appear to be differentiated from North Sea samples (with the exception of the Irish Sea and Flamborough Head samples). First, the branching of the North Atlantic Current into the North Sea along the Norwegian coast (Turell 1992 ) may allow a high connectivity between the north east Atlantic and the northern North Sea through passive dispersal of the young pelagic stages along this route. Moreover, substantial gene flow through passive drift between the southwestern British Isles and the southern North Sea could be ensured by the residual current flowing eastwards from the Atlantic to the Southern Bight through the English Channel (Prandle et al. 1996) . However, Atlantic and Celtic shelf waters are, to some extent, seasonally isolated from the English Channel by the Ushant front (from the Brittany peninsular across the western English Channel to the UK coast) that appears with the increase of temperatures in spring and lasts until the mixing of the water column in autumn. Therefore, it may be hypothesised that the long pelagic phase and the extended spawning period of whiting could mitigate, to some extent, the influence of such temporary oceanographic barriers to the passive dispersal of larvae and young pelagic stages.
Alternatively, the limited differentiation observed between eastern and western waters around the British Isles, and particularly to the west of the British Isles, may be due to the recent origin of populations, which would imply a weak genetic structure undetectable with the markers used in the present study. However, this possibility appears unrealistic given the substantial level of genetic structure demonstrated for whiting within the North Sea that originated with the raising of the sea level after the Last Glacial Maximum only ~15 000 yr ago (Andersen & Borns 1994) .
Although the highly dispersive environment of Atlantic waters is thought to prevent genetic differentiation in whiting along the western coasts of the British Isles, whiting from the Bay of Biscay and especially those from the most southerly sampling site (Cape Breton) appeared genetically differentiated from more northern samples. This can be attributed, in part, to the separation west of the British Isles of the North Atlantic Current into the main northwesterly flow and a relatively weak southern offshoot as an anti-cyclonic gyre of surface waters in Biscay (Pingree 1993) . A southerly flow towards Biscay is supported in the model results for the planktonic stages of mackerel and blue whiting (Bartsch & Coombs 1997 , although residual flow on the shelf of eastern Biscay may remain mainly to the northwest, but diminishs to weak levels by the area of the Celtic shelf (Pingree & Le Cann 1989) . The potential for some element of southerly flow and weak transport on the Celtic shelf would then provide for divergent distribution routes in the near-surface waters in which the planktonic stages of whiting are located (Conway et al. 1997) . A contrasting situation is observed for hake Merluccius merluccius, which showed a lack of differentiation in populations from Cape Breton to the Celtic Sea (Lundy et al. 1999 ). This can be related to hake spawning at the shelf edge, with the eggs and larval stages occurring at depths of up to several hundred metres (Motos et al. 2004) , hence being directly influenced by the northwesterly flowing Shelf Edge Current linking Biscay with areas to the west of the British Isles. Moreover, hake juveniles are relatively widespread at depths close to 150 m, while nurseries of whiting are localised in more coastal areas around 5 to 30 m depth (Quéro & Vayne 1997) . Thus, hake may be more susceptible to wide dispersion at the juvenile stages, whereas the close linkage of whiting juveniles to coastal waters would favour population structuring.
Complex genetic structure patterns in the North Sea
Child (1988), using allozyme markers, observed a lack of genetic structure within the North Sea in 4 gadoids (whiting, cod Gadus morhua, haddock Melanogrammus aeglefinus and saithe Pollachius virens), and thus hypothesised that wind-driven currents may allow sufficient mixing during the larval phase to prevent genetic differentiation and maintain panmixia in fish species in this basin. In contrast, substantial genetic differentiation was observed with microsatellite loci in cod within the North Sea (Hutchinson et al. 2001) , thus suggesting that the homogeneity showed by allozymes may be due to balanced selection, as previously suggested for cod in the northwest Atlantic (Pogson et al. 1995) . The present study showed a significant level of genetic structuring of whiting within the North Sea, and identified at least 3 distinct population units in this area: Southern Bight, Flamborough Head and a third unit grouping the Dogger Bank and the southern Norwegian coast (Skarvöyni). Interestingly, this genetic structure observed in whiting is relatively similar to that observed in cod (Hutchinson et al. 2001) . Marine species can exhibit strong genetic structure, when hydrographic features (e.g. oceanic fronts, gyres) associated with particular ecological traits of species (e.g. homing behaviour) produce restricted gene flow between discrete spawning units. Such a synergistic impact of hydrographic and behavioural factors on the genetic structure of marine fish has previously been reported in cod (Ruzzante et al. 2000) and Atlantic herring Clupea harengus (McPherson et al. 2004) .
Considerable evidence has been reported, on the basis of gall-bladder parasites, tag-recapture data, or meristic counts (Gamble 1959 , Williams & Prime 1966 , Kabata 1967 , Hislop & MacKenzie 1976 , Pilcher et al. 1989 , that 2 distinct whiting populations are distributed one to the north and the other to the south of the Dogger Bank. The present results obtained with microsatellites are consistent with a differentiation between whiting stemming from northern (Skarvöyni and Dogger Bank) and southern (Southern Bight) parts of the North Sea. The Dogger Bank has been suggested to act as a physical barrier that prevents mixing between southern and northern populations (Pilcher et al. 1989) . Moreover, segregation of these 2 population units could be associated with the Flamborough front separating mixed water of the southern North Sea from seasonally stratified waters of the central and northern North Sea. Passive dispersal in the central and northern North Sea may be limited also by cyclonic patterns of water circulation in this area (Brown et al. 1999) , thus preventing mixing between the 2 populations at the larval and juvenile pelagic stages. This isolation during early developmental stages, between the southern and northern North Sea, is well supported by the differences observed in the number of vertebrae in whiting from north and south of the Dogger Bank (Gamble 1959) . Indeed, mersitic characters are influenced by environmental factors and are fixed during early-life development (Lindsey 1975) . Consequently, differences in these phenotypical traits tend to indicate isolation of individuals in distinct physical environments during their early life stages, thus suggesting the existence of discrete larval retention systems associated with particular hydrographic features.
Furthermore, the present study provided evidence of a more complex population structure than previously suggested in whiting, with the identification of an additional discrete population located in the area of Flamborough Head. The segregation of the Flamborough Head sample may be associated with its location within the frontal zone separating seasonally northern and southern waters of the North Sea. Interpretation of the genetic groupings in relation to current systems and potential dispersal routes is hindered by the complex oceanography of the North Sea and the limited number of sampling sites in the present study. Potential isolation of all sampling sites is feasible because none are linked by direct surface currents or transport routes (see Lee 1980) . Grouping of the Dogger and Norwegian samples appears unlikely from an oceanographic perspective because of the sharp separation of central North Sea waters from Norwegian coastal waters by the currents of the water exchange between the Baltic and North Sea.
'Member/vagrant' and 'adopted migrant' hypotheses Oceanographic retention systems of pelagic stages may not be sufficient by themselves to maintain genetic differentiation in limited areas of the North Sea. For this, it appears essential that adults repeatedly return to spawn with relatively high fidelity to their natal spawning area. Such homing behaviour may be either natal (Iles & Sinclair 1982) or learned (McQuinn 1997) . Natal homing is assumed to involve endogenous processes, such as an internal sense of direction, sensitivity to pheromonal molecules, or imprinting processes (see references in McQuinn 1997). Such behaviour is central to the discrete population concept (e.g. 'member/vagrant' hypothesis) that considers larval retention mechanisms and natal homing as key factors to ensure life-cycle closure and temporal persistence of discrete populations (Iles & Sinclair 1982) . Alternatively, a learned homing behaviour implies a social transmission of migration routes from older, experienced fish to young recruits. This behaviour is central to the metapopulation concept (e.g. 'adopted migrant' hypothesis) described by McQuinn (1997) . Considering this model, juveniles do not necessarily recruit to their natal population, but may be adopted by a neighbouring population. Therefore, the extent of temporal stability of the physical or behavioural isolating systems limiting juvenile dispersal to neighbouring populations determines the degree of genetic exchange among them. Inter-annual variability in the strength of these isolating mechanisms would result in variable inter-annual mixing between local populations. Of course, neighbouring populations are defined in an ecological sense, since 2 local populations can be geographical neighbours, but have limited exchange because their migration routes do not overlap in time and space or they inhabit separate oceanographic systems, as appears to be the case for whiting in the North Sea. This pattern of juvenile dispersal has previously been demonstrated in herring Clupea harengus by McQuinn (1997) , who argued that a social transmission mechanism for passing on habitat information between generations is more advantageous than natal homing in variable marine environments. Indeed, in such an unstable and unpredictable environment, learned homing allows rapid colonisation of new habitats or recolonisation after collapse, thus increasing species resilience.
Parasitic infestation studies and tag-recapture data (Williams & Prime 1966 , Kabata 1967 , Hislop & MacKenzie 1976 , Pilcher et al. 1989 ) have suggested limited mixing during adult demersal life between populations of whiting within the North Sea and along the western margin of the British Isles. In parallel, the present study underlined a significant genetic structure for this species in the North Sea, while a lack of genetic differentiation was shown to the west of the UK mainland; these contrasting results are associated with the possible influence of hydrographic factors on the passive dispersal of young pelagic stages. This suggests that gene flow may be ensured essentially during the larval pelagic phase and that adults may acquire a substantial degree of fidelity to the spawning unit they have adopted. Thus, natal homing appears unrealistic in whiting and the 'adopted migrant' hypothesis seems more probable. When hydrographic factors prevent larval dispersal to neighbouring populations, young fish would most likely recruit to their natal population and adopt the behaviour patterns of that population. In more dispersive environments, such as that to the west of the British Isles, the passive dispersion of young stages may be substantial; thus, a significant number of juveniles would likely recruit to neighbouring populations.
Perspectives for future management
Despite results obtained over > 40 yr, the North Sea is currently considered as a single stock for management of the whiting fishery (ICES 2004) . Considering the findings of the present study based on genetic tools, it appears that the North Sea is composed of several population units, while the western British Isles encompasses a single metapopulation. Further genetic investigations, using a more extensive sampling design in the North Sea, would be beneficial in providing more definitive knowledge of the population structure of whiting, since it is recognised that the present study is based on data from only a limited number of sites. In addition, the inter-annual stability of the genetic differentiation patterns observed in this study should be tested. Indeed, population genetics could become a useful tool for fisheries management, but only if temporally stable patterns of genetic structure can be established (Lundy et al. 1999 , McPherson et al. 2004 . Furthermore, more effort should be allocated to sampling in Atlantic waters, to obtain a more detailed description of whiting population structure. Notably, it would be interesting to increase the sample size to 50-100 individuals and/or to add new loci in order to enhance the ability to detect weak genetic differentiation between whiting populations. Additionally, defining the reproductive status of individuals (e.g. through gonadal maturation staging) would probably improve the identification of spawning units and further the investigation of the homing behaviour hypotheses in whiting. Moreover, performing phenotypical traits studies (parasitic infestation, otolith microchemistry, meristic counts) simultaneously with genetic analyses could be useful in determining the origin and life history of spawning individuals collected on each spawning ground.
An accurate definition of population boundaries constitutes the basis for ensuring the viability of exploited marine resources through coherent management plans. A failure to identify population structure could lead to over-fishing of some stock components and ultimately to the erosion of genetic diversity at the species level through local population depletions or extinctions. For example, genetic erosion due to over-fishing has been demonstrated for the original cod Gadus morhua population at Flamborough Head (Hutchinson et al. 2003) . The maintenance of intra-specific genetic diversity is particularly crucial to conserving the resilience capacities of exploited stocks and the evolutionary potential of species to adapt to environmental change.
Finally, the whiting population of the Bay of Biscay, and particularly from the southern part of the bay, should be further investigated to obtain a more complete assessment of its status. The southern Bay of Biscay is strongly affected by global warming, with an increase of surface water temperature of ~1.5°C over the period 1972 to 1993 (Koutsikopoulos et al. 1998) . Water temperature is known to influence survival of fish (Wegner et al. 2003) , and, thus, the southern Bay of Biscay, representing the southern limit of the distribution of whiting, could be a particularly relevant site to explore the possibility of local adaptation to thermal stress.
